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KYOTO (JP) A redox flow battery 1s described, mainly including a charge/
discharge cell, a cathode electrolyte tank, and an anode elec-
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(86) PCT No.. PCT/IP2012/061546 complex 1s supplied from the cathode electrolyte tank to the
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cathode through a supply pipe. Thereby, an energy storage
battery that has durability suificient for practical applications
in a wide range of fields can be provided.
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ENERGY STORAGE BATTERY

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The mnvention relates to an energy storage battery,
such as a redox flow battery.

[0003] 2. Description of the Related Art

[0004] At present, energy storage 1s mainly performed
using pumped-storage power generation. However, since
construction of a pumped-storage power station involves
limitations on site conditions, new energy storage techniques,
particularly secondary batteries being highly technically and
economically feasible, have been actively studied. In recent
years, redox flow batteries have recerved attention as second-
ary batteries.

[0005] Conventionally, there have been proposed various
clectrolytes for use 1 a redox flow battery. For example,
Patent Document 1 proposes a configuration in which the
anode electrolyte 1s an aqueous solution containing an iron-
based redox material as an anode active material, and also
containing a chelating agent or complexing agent for shifting
a potential to the negative side. Also, in recent years, for
example, there 1s proposed a configuration 1n which the cath-
ode electrolyte 1s an aqueous solution containing a manga-
nese-based redox material as a cathode active material.
[0006] However, manganese oxides are known to have
strong oxidizing power to decompose (oxidize) a wide range
of organic substances 1n water. Hence, potassium permanga-
nate, a kind of manganese oxide, 1s used as an oxidant to
measure the amount of organic substances 1n water, 1.e., COD
value (Non-Patent Document 1). In addition, manganese 10n
also has strong oxidizing power. For example, 1t 1s known that
even 1n a state that manganese 10on 1s complexed with a chelat-
ing agent or complexing agent to form a complex such as
Mn(III)-EDTA (ethylene diamine tetraacetic acid), the ligand
may be oxidized to generate CO, gas and thus cause self-
decomposition of the complex (Non-Patent Document 2).
[0007] Accordingly, Patent Document 2 proposes using a
chelating agent or complexing agent to prevent precipitation
of a manganese compound. In addition, Patent Document 3
proposes using a chelating agent or complexing agent to
improve reactivity ol manganese 1on 1n a cathode electrolyte
ol a microbial battery.
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[0008] Patent Document 1: Japanese Unexamined Patent
Application Publication No. Sho 56-42970 (published on
Apr. 21, 1981)
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[0012] Non-Patent Document 2: Takashi Shirakashi,
“Study of Equilibrium and Rate on Fthylenediaminetet-
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sertation for Graduate School of Science (doctoral course),
Tohoku University (degree conferred on Mar. 25, 1969)
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page” (http://www.wako-chem.co.jp/s1yaku/msds.htm),

Wako Pure Chemical Industries, Ltd., Polyethyleneimine
(Serial No.: JW161783) Product Safety Data Sheet
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[0014] Non-Patent Document 4: “MSDS/Reagents Home-
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(MSDS) (created on Sep. 1, 2001; revised on Oct. 14,
2010)

SUMMARY OF THE INVENTION

Problems to be Solved by this Invention

[0015] Nevertheless, 1n the configurations mentioned 1n
Patent Documents 2-3, there 1s an inconvenience that many
kinds of chelating agents or complexing agents may be
decomposed due to the oxidizing power of manganese 1on. If
the chelating agent or complexing agent 1s decomposed due to
the oxidizing power of the manganese 10n contained in the
cathode electrolyte, the redox flow battery will discharge
itselt, so there 1s a problem that energy efficiency of the redox
flow battery 1s lowered. In addition, since the chelating agent
or complexing agent 1s decreased, the manganese compound
becomes easily precipitated, and the reactivity of manganese
1ion 1s reduced. Because of this, there 1s also a problem that the
performance of the redox flow battery 1s degraded. That
explains why the redox tlow battery using a manganese-based
redox material has not yet been commonly used in practice in
a wide range of fields.

[0016] Accordingly, there 1s demand for an energy storage
battery such as a redox flow battery or the like which uses a
manganese-based redox material and has suificient durability
for practical applications in a wide range of fields.

[0017] That 1s to say, the invention has been achieved 1n
light of the above problems, and 1ts main purpose1s to provide
an energy storage battery such as a redox flow battery or the
like which uses a manganese-based redox material and has

suificient durability for practical applications 1n a wide range
of fields.

Means for Solving the Problems

[0018] The inventors of this application made an intensive
study on a chelating agent or complexing agent resistant to
(not decomposed (oxidized) by) the oxidizing power of man-
ganese 1on. As a result, 1t 1s discovered that only polyethyl-
eneimine 1s capable of resisting (not decomposed (oxidized)
by) the oxidizing power of manganese 1on, and moreover,
preventing precipitation of the manganese compound and
self-discharge of an energy storage battery, thereby accom-
plishing this invention.

[0019] That 1s to say, 1n order to solve the above problems,
the energy storage battery of this invention 1s a redox type
energy storage battery that 1s characterized 1n that the cathode
clectrolyte thereof 1s an aqueous solution containing a man-
ganese-based redox material as a cathode active material and
also containing polyethyleneimine.
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[0020] With the above configuration, the cathode electro-
lyte 1s an aqueous solution containing polyethyleneimine,
and 1s therefore capable of preventing precipitation of the
manganese compound, preventing self-discharge of the
energy storage battery, and also improving the reactivity of
manganese ion. Hence, with the above configuration, an
energy storage battery using a manganese-based redox mate-
rial and having suificient durability for practical applications
in a wide range of fields can be provided.

[0021] In the energy storage battery of this invention, the
molar ratio of manganese 1on to nitrogen atoms contained in
polyethyleneimine 1s more preferably in the range of 1:1 to

1:5.
[0022] Here, the nitrogen atoms contained in polyethylene-
imine refer to those contained 1n ethyleneimine

(—CH,CH,NH—) as the basic unit. According to study of

the inventors, 1t was proved that in the case of using the energy
storage battery at around 20° C., the reactivity of manganese
ion 1s most improved when the above molar ratio 1s 1:1; in the
case of using the same at around 60° C., the reactivity of
manganese 10n 1s most improved when the above molar ratio
1s 1:5. Therefore, with the above configuration, an energy
storage battery having further improved reactivity of manga-
nese 10on may be provided.

[0023] In the energy storage battery of this invention, the
concentration of the manganese-polyethyleneimine complex
contained 1n the above cathode electrolyte more preferably
ranges from 0.2 mol/L to 2.5 mol/L. In addition, 1n the energy
storage battery of this invention, the pH of the above cathode
clectrolyte 1s more preferably 1n a range of 2 to 7.

[0024] With the above configuration, an energy storage
battery having more excellent performance may be provided.

[0025] In the energy storage battery of this invention, the
above manganese-based redox material 1s more preferably
manganese sulfate.

[0026] If the cathode electrolyte contains chlorine 1on,
when the manganese 1on 1s oxidized by charging the energy
storage battery, chlorine gas occurs. In addition, 1f the cathode
clectrolyte contains an organic substance, the organic sub-
stance 1s decomposed due to the oxidizing power of the man-
ganese 1on, and the energy storage battery discharges 1tself.
However, the manganese sulfate contains neither chlorine 1on
nor organic substance, so with the above configuration, an
energy storage battery generating no chlorine gas and capable
of further preventing self-discharge can be provided.

[0027] Inthe energy storage battery according to the mven-
tion, the above cathode electrolyte 1s more preferably elec-
trolytically oxidized.

[0028] For example, in a case where the manganese-based
redox material 1s manganese sulfate (1), 1t 1s conceivable that
the manganese 1on formed by dissolving polyethyleneimine
in an aqueous solution containing the manganese (1) sulfate
1s bivalent. Generally, the valence of the manganese 1on
changes between bivalence and trivalence during the redox
reaction. Here, 1t 1s conceivable that when an aqueous solu-
tion containing bivalent manganese 10on 1s electrolytically
oxidized, most manganese 1ons are converted into trivalent
ones (however, the exact valence (valence distribution) is
unknown). Accordingly, 1n a cathode electrolyte obtained by
clectrolytically oxidizing an aqueous solution containing
manganese 10n, the contained manganese 10n has a valence
changing between trivalence and tetravalence during the
redox reaction. Therefore, with the above configuration, an
energy storage battery capable of further preventing precipi-
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tation of manganese compound and further preventing seli-
discharge of the energy storage battery, and moreover, having
turther 1mproved reactivity of manganese 1on can be pro-

vided.

[0029] In the energy storage battery of the invention, the
above cathode electrolyte 1s more preferably shielded from
oxygen in the atmosphere.

[0030] Although a detailed mechanism 1s unknown, ii the
cathode electrolyte 1s exposed to the oxygen 1n the atmo-
sphere, the energy storage battery may discharge itself and
cannot perform good charge/discharge thereafter. Thus, with
the above configuration, an energy storage battery capable of
further preventing precipitation of a manganese compound,
turther preventing self-discharge of the energy storage bat-
tery, and moreover, further improving reactivity ol manga-
nese 1ons can be provided.

[0031] In the energy storage battery of this mvention, an
anode electrolyte 1s more preferably an aqueous solution
containing an 1ron-based redox material as an anode active
material. In the energy storage battery of this invention, the
above anode electrolyte 1s more preferably an aqueous solu-
tion containing a Fe-diethylene triamine pentaacetic acid
complex. Further, 1n the energy storage battery of this inven-
tion, the above anode electrolyte 1s more preferably electro-
lytically oxidized.

[0032] With the above configuration, an energy storage
battery having more excellent performance may be provided.

[0033] In addition, the energy storage battery of this mven-
tion 1s more preferably a redox flow battery.

Eftects of this Invention

[0034] With this invention, an energy storage battery
capable of preventing precipitation ol a manganese com-
pound, preventing its seli-discharge, and also having an
improved reactivity of manganese 1on can be provided.
Accordingly, there 1s an effect that an energy storage battery
using a manganese-based redox material and having sudfi-
cient durability for practical applications in a wide range of
fields can be provided.

BRIEF DESCRIPTION OF THE DRAWINGS

[0035] FIG. 1 1s afront view showing a schematic configu-
ration of an example of a redox tlow battery according to an
embodiment of this invention.

[0036] FIG. 2 1s a graph showing results of a charge/dis-
charge test in Example 1 that uses the redox flow battery
according to an embodiment of this invention.

[0037] FIG. 3 1s a graph showing results of a charge/dis-
charge test in Example 2 that uses the redox flow battery
according to an embodiment of this invention.

[0038] FIG. 4 1s a graph showing the electrode character-
1stics at 20° C. of the electrode immersed in the cathode

clectrolyte a obtained 1n Example 3.

[0039] FIG. 5 1s a graph showing the electrode character-
1stics at 60° C. of the electrode immersed in the cathode

clectrolyte a obtained 1n Example 3.

[0040] FIG. 6 1s a graph showing the electrode character-
1stics at 20° C. of the electrode immersed in the cathode

clectrolyte b obtained 1n Example 3.

[0041] FIG. 7 1s a graph showing the electrode character-
1stics at 60° C. of the electrode immersed in the cathode

clectrolyte b obtained 1n Example 3.
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[0042] FIG. 8 1s a graph showing the electrode character-
1stics of the electrode immersed in the cathode electrolyte c-1
obtained in Example 4.

[0043] FIG. 9 1s a graph showing the electrode character-
1stics of the electrode immersed 1n the cathode electrolyte c-2
obtained 1n Example 4.

[0044] FIG. 10 1s a graph showing the electrode character-
istics of the electrode immersed in the cathode electrolyte c-3
obtained in Example 4.

[0045] FIG. 11 1s a graph showing the electrode character-
1stics of the electrode immersed in the cathode electrolyte c-4
obtained 1n Example 4.

[0046] FIG. 12 1s a cross-sectional view showing a sche-

matic configuration of cyclic voltammetry as a measurement
apparatus for measuring electrode characteristics of an elec-

trode immersed in an electrolyte of the redox flow battery
according to an embodiment of this mnvention.

[0047] FIG. 13 1s a graph showing the “electrolyte utiliza-
tion proportion” of the redox flow battery of Example 2 and
the “electrolyte utilization proportion” of the redox flow bat-

tery of Comparative Example 10.

DESCRIPTION OF THE EMBODIMENTS

[0048] The energy storage battery of this invention 1s of a
redox type, and includes a cathode electrolyte that 1s an aque-
ous solution containing a manganese-based redox material as
a cathode active material and also containing polyethylene-
imine.

[0049] Intheinvention, “manganese-based redox material”
refers to a compound that generates manganese 1on when
mixed 1n an aqueous solution, wherein during a redox reac-
tion, the manganese 1on has a varying valence (associated
with the redox reaction) in the 1onic state. The same rule also
applies to the case of wron. In addition, 1n the mvention, the
description “A to B” that indicates a numerical value range
means “from A to B” unless otherwise specified. Accord-
ingly, in the invention, “pH of 2 to 7,” for example, refers to
that the pH ranges from 2 to 7. In addition, 1n the mvention,
“number of moles of polyethyleneimine™ refers to the number
of moles of nitrogen atoms contained in ethyleneimine
(—CH,CH,NH—) as a basic unit. Accordingly, “1 mol of
polyethyleneimine” means that the number of moles of nitro-
gen atoms contained 1n ethyleneimine (molecular weight: 43)
as a basic unit 1s 1 mol, 1.e., that the number of moles of the
cthyleneimine 1s 1 mol (hence “1 mol of polyethyleneimine™
weighs 43 g).

[0050] An embodiment according to the invention 1is
described as follows based on FIG. 1. In the following
descriptions, a redox flow battery 1s taken as an example of
energy storage battery. However, the invention 1s not limited
thereto, and may be carried out in modes that have been
modified 1n various ways within the described scope.

[0051] [Redox Flow Battery]

[0052] As shown in FIG. 1, a redox flow battery 1 of this
embodiment mainly includes a charge/discharge cell (battery
container) 2, a cathode electrolyte tank 3, and an anode elec-
trolyte tank 4. The charge/discharge cell 2 has 1its inside
divided into a cathode cell 2a¢ and an anode cell 26 by a
diaphragm 11 composed of, for example, an 10n exchange
membrane. Moreover, 1n the charge/discharge cell 2, 1n order
to stabilize the capabilities (various performances) of the
redox tlow battery 1, a temperature regulator that maintains a
constant temperature may be disposed.
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[0053] The cathode cell 2a accommodates a collector plate
12 1n the form of, e.g., a glassy carbon plate or the like, and a
cathode 13 composed of, e.g., carbon felt. The anode cell 25
accommodates a collector plate 14 in the form of, e.g., a
glassy carbon plate or the like, and an anode 15 composed of,
e.g., carbon felt. The cathode 13 1s impregnated with a cath-
ode electrolyte, and the anode 15 1s impregnated with an
anode electrolyte. The above cathode electrolyte and anode
clectrolyte have a pH mnarange of 2 to 7, no strong acidity, and
little corrosiveness, thus being good 1n operatability.

[0054] The above collector plates 12 and 14 are electrically
connected to a charge/discharge apparatus 10. During the
discharge, a reduction reaction 1s performed on the cathode
13 to recewve electrons, while an oxidation reaction 1s per-
formed on the anode 15 to release electrons. At this moment,
the collector plate 12 1s configured to receive electrons from
the charge/discharge apparatus 10 and supply them to the
cathode 13, and the collector plate 14 1s configured to collect
the electrons released by the anode 15 and supply them to the
charge/discharge apparatus 10. On the other hand, during the
charge, an oxidation reaction 1s performed on the cathode 13
to release electrons, while a reduction reaction 1s performed
on the anode 15 to receive electrons. At this moment, the
collector plate 12 1s configured to collect the electrons
released by the cathode 13 and supply them to the charge/
discharge apparatus 10, and the collector plate 14 1s config-
ured to receive the electrons from the charge/discharge appa-
ratus 10 and supply them to the anode 15.

[0055] The cathode electrolyte tank 3 1s a tank for storing
the cathode electrolyte and 1s connected to the cathode cell
2a. That 1s to say, the above cathode electrolyte tank 3 1s
configured to supply the cathode electrolyte to the cathode 13
in the cathode cell 2a through a supply pipe 34, and to recycle
the cathode electrolyte that has passed through the cathode 13
through a recycling pipe 3b5. Then, the cathode electrolyte 1s
circulated using a pump 5 disposed on the supply pipe 3a.
Moreover, the amount of the cathode electrolyte supplied per
unit time relative to the cathode cell 2a during the charge/
discharge or the capacity of the cathode electrolyte tank 3
only has to be set depending on the size of the charge/dis-
charge cell 2 or the capabilities required by the redox flow
battery 1, etc., and 1s not particularly limited.

[0056] The anode electrolyte tank 4 1s a tank for storing the
anode electrolyte and 1s connected to the anode cell 26. That
1s to say, the above anode electrolyte tank 4 1s configured to
supply the anode electrolyte to the anode 15 1n the anode cell
2b6 through a supply pipe 4a, and to recycle the anode elec-
trolyte that has passed through the anode 15 through a recy-
cling pipe 4b. Then, the anode electrolyte 1s circulated using
a pump 6 disposed on the supply pipe 4a. Moreover, the
amount of the anode electrolyte supplied per unit time relative
to the anode cell 26 during the charge/discharge or the capac-
ity of the anode electrolyte tank 4 only has to be set depending
on the size of the charge/discharge cell 2 or the capabilities
required for the redox flow battery 1 and so on, and 1s not
particularly limited.

[0057] By circulating the cathode electrolyte and the anode
clectrolyte, the electrolyte 1n the charge/discharge cell 2 may
bereplaced. Thus, in the redox tlow battery 1 according to this
embodiment, long-term (so-called large-capacity) charge and

discharge become possible.

[0058] To the above charge/discharge cell 2, cathode elec-
trolyte tank 3 and anode electrolyte tank 4, an 1nert gas such
as N, gas or the like 1s supplied from a gas supply apparatus
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(not shown) by an 1nert gas supply pipe 7. In this way, the
above cathode electrolyte and anode electrolyte are shielded
from oxygen in the atmosphere. The mert gas supplied from
the 1nert gas supply pipe 7 1s evacuated outside through an
exhaust pipe 8. The tip of the exhaust pipe 8 1s water-sealed by
a water-seal pipe 9. Accordingly, a counterflow of the atmo-
sphere 1s avoided, and air pressure in the charge/discharge
cell 2, the cathode electrolyte tank 3 and the anode electrolyte
tank 4 1s maintained constant. Moreover, the inert gas supply
pipe 7 may be configured to supply the 1nert gas to the gas
phase part of the charge/discharge cell 2, the cathode electro-
lyte tank 3 and the anode electrolyte tank 4, and may also be
configured to supply the inert gas by bubbling into the cath-
ode electrolyte and the anode electrolyte.

[0059] In addition, in the redox flow battery 1 of this
embodiment, the above cathode electrolyte and anode elec-
trolyte have a pH 1n the range of 2 to 7, no strong acidity, and
little corrosiveness, so there 1s great flexibility in material
choice for each component constituting the redox tlow battery
1. That 1s to say, 1f the cathode electrolyte and the anode
clectrolyte are strongly acidic, the choice of materials capable
of being used as the battery container 1s limited (e.g., hydro-
lyzed plastics cannot be used). By contrast, since the cathode
clectrolyte and the anode electrolyte are not strongly acidic,
specific examples of materials of the charge/discharge cell 2
may include: commodity plastics, or relatively cheap metals
such as Sn, Al, Ti, Cu, Fe, N1 and so on. In addition, the
materials of the cathode electrolyte tank 3 or the pump 3, the
supply pipe 3a, the recycling pipe 35, the anode electrolyt

tank 4, the pump 6, the supply pipe 4a and the recycling pipe
4b may also include the materials exemplified above. Hence,
the redox flow battery 1 may be manufactured at a relatively
low cost. In addition, due to little corrosiveness, the redox
flow battery 1 has a long service life compared to conven-
tional redox flow batteries (using strongly acidic electro-
lytes). Accordingly, compared to that of the conventional
redox tlow batteries (using strongly acidic electrolytes), mass
production (industrialization) of the redox flow battery 1 at
relatively low cost 1s easy. Nevertheless, the components
constituting the redox flow battery 1 are not limited to include
the materials exemplified above, because they only have to
consist of materials having moderate mechanical strength
suificient for maintaining the apparatus and being non-cor-
rodible by the cathode electrolyte and the anode electrolyte.

[0060] [Negative Electrode Electrolyte]

[0061] The above anode electrolyte only has to be an aque-
ous solution having a pH preferably 1n the range of 2 to 7,
more preferably 1n the range of 4 to 6, and containing an
anode active material which 1s able to perform a good oxida-
tion-reduction reaction (having a varying valence 1n the 1onic
state) under the condition of the pH of 2 to 7.

[0062] Specific examples of the anode electrolyte include:
an aqueous solution containing a Fe-DTPA (diethylene tr1-
amine pentaacetic acid) complex, an aqueous solution con-
taining a Fe-EDTA (ethylene diamine tetraacetic acid) com-
plex, an aqueous solution containing a Fe-EGTA (0O,0'-bis
(2-aminoethyl)ethyleneglycol-N,N,N'.N'-tetraacetic  acid)
complex, an aqueous solution containing a Fe-EDTA-OH
(N-(2-hydroxyethyl)ethylenediamine-N,N',N'-triacetic acid)
complex, an aqueous solution containing a Fe-NTA (nitrilo-
triacetic acid) complex, an aqueous solution containing a
Cr-DTPA complex, an aqueous solution containing a Cr-
EDTA complex, an aqueous solution containing a Cr-EGTA
complex, an aqueous solution containing a Cr-EDTA-OH
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complex, an aqueous solution containing a Cr-NTA complex,
an aqueous solution containing a T1-EDTA complex, an aque-
ous solution containing a V-EDTA complex, an aqueous solu-
tion containing a Fe-citric acid complex, an aqueous solution
containing a Cu-polyethyleneimine complex, and an aqueous
solution containing a Cu-ethylenediamine complex, efc.
Among them, an aqueous solution containing an Fe-based
redox material as an anode active matenial, 1.e., an aqueous
solution containing a Fe-complex 1s more preferred, and an
aqueous solution containing a Fe-DTPA complex 1s most
preferred. A redox flow battery using an aqueous solution
containing a Fe-complex as the anode electrolyte has an
excellent charge/discharge reaction rate.

[0063] Further, 1n a case where the anode electrolyte 1s an
aqueous solution containing a Fe-complex, the concentration
of the Fe-complex 1n the above aqueous solution more pret-
erably ranges from 0.2 mol/L to 2.5 mol/L, further preferably
ranges from 0.3 mol/L to 2.0 mol/L, and most preferably
ranges from 0.5 mol/L to 1.0 mol/L.

[0064] Further, the anode electrolyte 1s more preferably
clectrolytically oxidized. The anode electrolyte 1s, e.g., an
aqueous solution containing a Fe-D'TPA complex. In the case
where the anode electrolyte 1s electrolytically oxidized, the
complex 1s a Fe(1l)-DTPA complex in the charged state, and
1s a Fe(III)-D'TPA complex after release of electrons 1n the
discharged state. With the above configuration, a redox flow
battery having better performance can be provided.

[0065] In addition, the anode electrolyte may further con-
tain, 1n addition to the above complexes, a well-known elec-
trolyte (conducting salt) such as sodium sulfate (Na,SQO,),
sodium acetate, sodium salt of EDTA, and Na(l, etc. More-
over, a method of preparing the anode electrolyte may be a
well-known method including a pH adjusting technique, and
1s not particularly limited. In addition, water used 1n the anode

clectrolyte 1s satistactory as long as 1t has a purity equal to or
higher than that of distilled water.

[0066] However, for an aqueous solution containing an
aminopolycarboxylic acid chelating compound of Fe, Cr or
the like, particularly an aminopolycarboxylic acid chelating
compound of Cr, 1n order to enable a more complete forma-
tion of the chelating compound, 1.e., complex, the aqueous
solution 1s more preferably refluxed by heating for around 4 to
18 hours. In the case where no reflux operation 1s performed,
there 1s a risk that Cr or the like may be deposited or that the
energy storage battery using the aqueous solution cannot be
charged. Moreover, the reflux time only has to be properly set
depending on the type of ligand. The reflux may also be
carried out 1n several separate operations.

[0067] Specific examples of the aminopolycarboxylic acid
constituting the aminopolycarboxylic acid chelating com-
pound of Fe or Cr or the like include: diethylene triamine
pentaacetic acid {DTPA (sometimes referred to as DTPA
(SH)); (CH,COOH),NCH,CH,N(CH,COOH)CH,CH,N
(CH,COOH), } and salts thereof, ethylene diamine tetraace-
tic acid {EDTA; (CH,COOH),NCH,CH,N(CH,COOH),}
and salts thereof, O,0'-bis(2-aminoethyl)ethyleneglycol-N,
N,N".N'-tetraacetic acid {EGTA; (CH,COOH)
,NCH,CH,OCH,CH,OCH,CH,N(CH,COOH), } and salts
thereof, N-(2-hydroxyethyl)ethylene diamine-N,N',N'-tri-
acetic acid {EDTA-OH; (CH,COOH)
,NCH,CH,NCH,CH,OH(CH,COOH)} and salts thereof,
nitrilotriacetic acid {NTA; N(CH,COOH),} and salts
thereof, and so on. Examples of the salts of the above ami-
nopolycarboxylic acids include alkali metal salts.
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[0068] The method of preparing, e¢.g., an aminopolycar-
boxylic acid chelating compound of Fe having an inorganic
compound of Fe and an aminopolycarboxylic acid as starting
materials 1s not particularly limited, and may adopt a well-
known chelation techmique. Specifically, the Fe-complex
may be produced by using FeSO,, as a starting material (raw
material) and coordinating with the aminopolycarboxylic
acid as a ligand. That 1s to say, the preparation method for the
aminopolycarboxylic acid chelated compound of Fe 1s not
particularly limited.

[0069] Moreover, the above inorganic compound of Fe
only has to be a water-soluble (having a solubility of 0.2
mol/L or more) compound suitable for performing chelation.
[0070] [Cathode Electrolyte]

[0071] The above cathode electrolyte only has to be an
aqueous solution having a pH preferably in the range of 2 to
7, more preferably in the range of 3 to 6, and containing a
cathode active material capable of preforming a good oxida-
tion-reduction reaction (having a varying valence in the 1onic
state) under the condition of the pH of 2 to 7. In other words,
it only has to be an aqueous solution containing a manganese-
based redox material as a cathode active material and also
containing polyethyleneimine.

[0072] The above manganese-based redox material 1s not
particularly limited, as long as it 1s a compound that generates
manganese 1on when mixed 1n an aqueous solution 1n which
during a redox reaction the manganese 1on has a varying
valence (associated with the redox reaction) 1n the 10nic state.
Nevertheless, it 1s desired that the manganese-based redox
material contains neither chlorine 1on nor organic substance.
Specific examples of the manganese-based redox material
include: manganese sulfate, potassium permanganate and so
on. Among them, manganese sulfate 1s more preferred.

[0073] If the cathode electrolyte contains chlorine 1on,
when the manganese 10n 1s oxidized by charging the redox
flow battery, chlorine gas occurs. In addition, 1 the cathode
clectrolyte contains an organic substance, the organic sub-
stance 1s decomposed due to the oxidizing power of the man-
ganese 1on, and the redox flow battery discharges 1tself. How-
ever, since the above-exemplified compounds contain neither
chlorine 1on nor organic substance, no chlorine gas occurs,
and also a seli-discharge may be further prevented.

[0074] Since the polyethyleneimine i1s capable of resisting
(not decomposed (oxidized) by) the oxidizing power of man-
ganese 10n, 1t serves as a chelating agent or complexing agent
for manganese 10n to form Mn-polyethyleneimine complex.
Polyethyleneimine 1s often commercially available as a mix-
ture of compounds of different polymerization degrees. In
this invention, a commercial product may be suitably used.
Accordingly, the polyethyleneimine may be a mixture of
primary, secondary, and tertiary (branching) amine structures
within a scope of not hindering formation of the Mn-complex.

[0075] The average molecular weight of the polyethylene-
imine 1s not particularly limited, but preferably allows a water
solubility (0.2 mol/L) suitable for chelation. Specifically, the
average molecular weight 1s preferably ranges from 300 to
10000, and further preferably from 600 to 1800. The molecu-
lar weight distribution of the polyethyleneimine 1s not par-
ticularly limited. Nevertheless, for a stable performance, a
narrower distribution is desired.

[0076] Since the cathode electrolyte contains polyethyl-
eneimine, precipitation ol a manganese compounds can be
prevented, self-discharge of the redox flow battery can be
prevented, and also the reactivity of manganese 10n can be

Jul. 30, 2015

improved. Thus, a redox flow battery using a manganese-
based redox material and having suilicient durability for prac-
tical applications 1n a wide range of fields can be provided.

[0077] In addition, the amount of polyethyleneimine rela-
tive to the manganese-based redox material, 1.e., the molar
ratio of manganese 10ns to nitrogen atoms contained 1n poly-
cthyleneimine 1s more preferably in the range of 1:1 to 1:5.
Here, the nitrogen atoms contained in polyethyleneimine
refer to those contained 1n ethyleneimine (—CH,CH,NH—)
as a basic unit. According to the study of the present inventors,
it was proved that 1n a case of using the redox tlow battery at
around 20° C., the reactivity of the manganese 10n 1s most
improved when the above molarratio1s 1:1; 1na case of using
the same at around 60° C., the reactivity ol the manganese 10n
1s most improved when the above molar ratio 1s 1:5. Hence,
with the above configuration, the reactivity of manganese 1on
may be further improved.

[0078] Accordingly, the above cathode electrolyte 1s an
aqueous solution containing a Mn-polyethyleneimine com-
plex of which the concentration in the cathode electrolyte
more preferably ranges from 0.2 mol/L to 2.5 mol/L, further

preferably from 0.2 mol/L to 1.5 mol/L, and most preferably
from 0.5 mol/L to 1.5 mol/L.

[0079] Further, the cathode electrolyte 1s more preferably
clectrolytically oxidized. In a case where 1t 1s electrolytically
oxidized, the Mn-polyethyleneimine complex 1s a Mn(IV)-
polyethyleneimine complex after release of electrons in the
charged state, and 1s a Mn(I1I)-polyethyleneimine complex 1n
the discharged state. Specifically, e.g., in the case where the
manganese-based redox material 1s manganese sulfate (11), 1t
1s concelvable that the manganese 10n formed by dissolving
polyethyleneimine in an aqueous solution containing the
manganese sulfate (II) 1s bivalent. Generally, the valence of
manganese 1on varies between bivalence and trivalence dur-
ing a redox reaction. Here, it 1s conceivable that when an
aqueous solution containing bivalent manganese 10ns 1s elec-
trolytically oxidized, most manganese 10ons will be converted
into trrvalent ones (but the exact valence (valence distribu-
tion) 1s unknown). Accordingly, in a cathode electrolyte
obtained by electrolytically oxidizing an aqueous solution
containing manganese 1on, the contained manganese 1on has
a valence varying between trivalence and tetravalence during
the redox reaction. Therefore, with the above configuration, a
Mn(IV)-polyethyleneimine complex aiter release of elec-
trons can be provided in the charged state, and a Mn(III)-
polyethyleneimine complex may be provided in the dis-
charged state. Thus, precipitation of a manganese compounds
may be further prevented, self-discharge of the redox tlow
battery may be further prevented, and also the reactivity of the
manganese 1on may be further improved.

[0080] Inaddition, the cathode electrolyte may further con-
tain, 1n addition to the above Mn-polyethyleneimine com-
plex, a well-known electrolyte (conducting salt) such as
Na,SO,, sodium acetate, sodium salt of EDTA, NaCl and so
on. Moreover, the method of preparing the cathode electro-

lyte may be a well-known one using a pH adjusting techmique,
and 1s not particularly limited. Also, water used 1n the cathode

clectrolyte 1s satisfactory as long as 1t has a purity equal to or
higher than that of distilled water.

[0081] Further, as mentioned above, the above cathode
clectrolyte 1s more preferably shielded from the oxygen in the
atmosphere by the inert gas in the redox flow battery.
Although a detailed mechanism 1s unknown, 1f the cathode
clectrolyte 1s exposed to the oxygen 1n the atmosphere, the
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redox tlow battery may discharge 1tself and cannot perform
good charge/discharge thereafter. Therefore, by shielding the
cathode electrolyte from the oxygen in the atmosphere, pre-
cipitation of a manganese compound can be further pre-
vented, self-discharge of the redox tlow battery can be further
prevented, and also the reactivity of manganese 1ons can be
turther improved.

[0082] [Performance of Redox Flow Battery]

[0083] A higher electromotive force 1s more preferred for
the redox flow battery. Since 1n the redox flow battery of this
embodiment the cathode electrolyte 1s an aqueous solution
containing a Mn-polyethyleneimine complex 1n which Mn
has a relatively high electromotive force, the redox flow bat-
tery may be made a redox flow battery having a high output of
1.0V or higher.

[0084] Inaddition, generally, as the coulombic efficiency of
the redox flow battery 1s increased, the energy eificiency
thereol 1s increased and the charge/discharge cycling charac-
teristic (reversibility) thereof 1s also improved. In addition,
practically, the coulombic efficiency 1s preferably 63% or
higher, and more preferably 80% or higher. Practically, the
energy elficiency 1s preferably 40% or higher, and more pret-
erably 60% or higher. Practically, the charge/discharge
cycling characteristic (reversibility) 1s preferably 90% or
higher. In addition, practically, the voltage efficiency 1s pret-
crably 60% or higher, and more preferably 75% or higher.
Practically, the electrolyte utilization proportion 1s preferably
28% or higher, and more preferably 55% or higher.

[0085] Since 1n the redox tlow battery of this embodiment
the cathode electrolyte 1s an aqueous solution containing,
Mn-polyethyleneimine complex, the coulombic efliciency
may be made 65% or higher, and more preferably 80% or
higher. In addition, the energy efliciency may be made 40% or
higher, and more preferably 60% or higher. Further, the
charge/discharge cycling characteristic (reversibility ) may be
made 90% or higher. In addition, the voltage efficiency may
be made 60% or higher, and more preterably 75% or higher.
The electrolyte utilization proportion may be made 28% or
higher, and more preferably 75% or higher.

[0086] Also, the redox flow battery of this embodiment can
withstand thousands of cycles of use, thus being suitably used
as an energy storage battery. Moreover, specific calculation
methods for the various performances (charge/discharge
cycling characteristic (reversibility), coulombic efficiency,
voltage elliciency, energy efficiency and electrolyte utiliza-
tion proportion) are described 1n the examples 1n later para-
graphs.

[0087] In addition, as mentioned above, 1 the redox flow
battery of this embodiment, the cathode electrolyte and the
anode electrolyte may be composed of aqueous solutions of
compositions different from each other (so-called two-liqud
type). Or, 1n order to maintain the amount (concentration) of
the cathode active maternial existing at the cathode side and
that of the anode active matenal existing at the anode side, the
cathode electrolyte and the anode electrolyte may be com-
posed of aqueous solutions of the same composition formed
by mixing the two electrolytes (so-called premix type).

EXAMPLES

[0088] The mvention 1s further described 1n details with
Examples and Comparative Examples. Moreover, the techni-
cal content shown in each example may be properly com-
bined with the technical content shown 1n another example
for use.
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Example 1

[0089] The performance of the redox flow battery was
evaluated by the following method.

[0090] An anode electrolyte was prepared by the following
method. Firstly, 0.02 mol (7.87 g) of DTPA(SH) and 0.1 mol

(4.0 g) of NaOH were added to and dissolved 1mn 50 ml of
distilled water. Next, 0.02 mol (5.56 g) of FeSO,.7H,O was
added to and dissolved 1n the aqueous solution, and then 0.05
mol (7.1 g) of Na,SO, (conducting salt) was added thereto
and dissolves. Next, distilled water was added to make the
total amount be 100 ml. In this way, an aqueous solution
having a concentration of Fe(11)-DTPA complex 01 0.2 mol/L
was prepared.

[0091] Next, the resulting aqueous solution was electrolyti-
cally oxidized by the method below. The electrolytic oxida-
tion of the aqueous solution was performed using a redox flow
battery having the configuration shown 1n FIG. 1. However,
the redox flow battery used for the electrolytic oxidation (and
a later-described charge/discharge test) 1s a small-scale bat-
tery for testing. GFAS, a kind of carbon felt made by SGL
Group, was used as the cathode and the anode, and the elec-
trode area was made 10 cm®. CMS, a kind of ion exchange
membrane made by ASTOM Corporation was used as a dia-
phragm. SG Carbon (0.6 mm thick), a kind of glassy carbon
plate made by Showa Denko K.K., was used as a collector
plate. A plastic container was used as a charge/discharge cell
and filled with the above cathode, anode, diaphragm and
collector plate. In such state, the capacities (capacity for
clectrolyte) at the cathode side and anode side were each
adjusted to 3 ml.

[0092] Glass containers having a capacity of 30 ml were
used as the cathode electrolyte tank and the anode electrolyte
tank. Silicone tubes were used as various pipes such as a
supply pipe, a recycling pipe, an inert gas supply pipe, an
exhaust pipe and so on. MP-1000, a microtube pump made by
Tokyo Rikakikail Co., Ltd., was used as a pump. In addition,
PFX200, a charge/discharge battery test system made by
Kikusui Electronics, was used as a charge/discharge appara-
tus.

[0093] 20 mlofanaqueous solution having a concentration
of Fe(II)-DTPA complex of 0.2 mol/LL was placed in the
cathode electrolyte tank of the redox tlow battery having the
above configuration, and 20 ml of an aqueous solution having
a concentration of Na,SO, of 0.5 mol/LL was placed 1n the
anode electrolyte tank of the same. Then, a charge (with a
total coulomb amount of 384 C) was performed at a constant
current of 200 mA for 32 minutes. Before and during the
charging, nitrogen gas was supplied from the inert gas supply
pipe to expel oxygen from the gas phase parts of the charge/
discharge cell, the cathode electrolyte tank and the anode
clectrolyte tank. Dissolved oxygen in the aqueous solutions
was also expelled. In this way, the Fe(I)-DTPA complex
contained in the aqueous solution 1n the cathode electrolyte
tank was electrolytically oxidized to prepare an aqueous solu-
tion having a concentration of Fe(111)-D'TPA complex o1 0.2
mol/L, which served as the anode electrolyte. Moreover, dur-
ing the charging, hydrogen gas occurred at the anode side.

[0094] Meanwhile, the cathode electrolyte was prepared by
the method below. Firstly, 0.02 mol (0.86 g) of polyethylene-
imine was added to and dissolved 1n 50 ml of distilled water.
Polyethyleneimine (produced by Wako Pure Chemical Indus-
tries, Ltd.) having an average molecular weight of 600 was
used as the polyethyleneimine.
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[0095] Next, approximately 2 ml of dilute sulfuric acid
having a concentration of 2.5 mol/LL was dripped 1nto this
aqueous solution to adjust the pH to 7. Then, 0.02 mol (3.38
g) of MnSO,.H,O was added to and dissolved 1n the above
aqueous solution, and then 0.05 mol (7.1 g) of Na,SO,, (con-
ducting salt) was added thereto and dissolved. Next, dilute
sulfuric acid having a concentration of 2.5 mol/LL was dripped
thereto to adjust the pH to 6, and then distilled water was
added to make the total amount 100 ml. In this way, an
aqueous solution having a concentration of Mn(II)-polyeth-
yleneimine complex of 0.2 mol/L was prepared.

[0096] Next, the above aqueous solution was electrolyti-
cally oxidized using the same method for electrolytically
oxidizing the anode electrolyte. That 1s to say, 20 ml of an
aqueous solution having a concentration of Mn(II)-polyeth-
yleneimine complex of 0.2 mol/LL was placed in the cathode
clectrolyte tank of the redox tlow battery having the above
configuration, and 20 ml of the above aqueous solution hav-
ing a concentration of Fe(IlI)-DTPA complex of 0.2 mol/L.
was placed in the anode electrolyte tank of the same. Then, a
charging (with a total coulomb amount of 384 C) was per-
formed at a constant current of 200 mA for 32 min. Before and
during the charging, N, gas was supplied from the inert gas
supply pipe to expel oxygen from the gas phase parts of the
charge/discharge cell, cathode electrolyte tank and anode
clectrolyte tank. Dissolved oxygen in the aqueous solutions
was also expelled. In this way, the Mn(11)-polyethyleneimine
complex contained in the aqueous solution in the cathode
clectrolyte tank was electrolytically oxidized to prepare an
aqueous solution having a concentration of Mn(III)-polyeth-
yleneimine complex of 0.2 mol/L, which served as the cath-
ode electrolyte. However, the exact valence (valence distri-
bution) of the clectrolytically oxidized
Mn-polyethyleneimine complex 1s unknown.

[0097] A charge/discharge test of the redox tlow battery
having the above configuration was done using the above
cathode electrolyte and anode electrolyte under the following
conditions.

[0098] Specifically, 20 ml of an aqueous solution having a
concentration ol Mn(IlI)-polyethyleneimine complex of 0.2
mol/L was placed 1n the cathode electrolyte tank of the redox
flow battery having the above configuration, and 20 ml of the
above aqueous solution having a concentration of Fe(III)-
DTPA complex of 0.2 mol/LL was placed in the anode elec-
trolyte tank of the same. In the charge/discharge test, the
charging (with a total coulomb amount of 240 C) was per-
formed at a constant current of 100 mA for 40 minutes, and
the discharging was performed at a constant current of 100
mA. The discharging cut-off voltage was set to 0.0 V. In
addition, a charge/discharge cycle starting from charging was
repeated 5 times (S5 cycles). Before and during the charge/
discharge test, N, gas was supplied from the inert gas supply
pipe to expel oxygen from the gas phase parts of the charge/
discharge cell, the cathode electrolyte tank and the anode
clectrolyte tank. Dissolved oxygen in the electrolytes was
also expelled.

[0099] It 15 concervable that the redox reaction at the cath-
ode side 1s “Mn(11I)-polyethyleneimine complex < Mn(IV)-

— 2

polyethyleneimine complex+e™,” and the redox reaction at
the anode side 1s “Fe(111)-D'TPA complex+e™ < Fe(11)-D'TPA
complex.”

[0100] The results (transition of battery voltage) of the
charge/discharge test are plotted 1n FIG. 2. From the figure,
various performances, 1.€., “‘charge/discharge cycling charac-
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teristic (reversibility),” “coulombic efficiency,” “voltage effi-
ciency,” “energy elficiency” and “electrolyte utilization pro-
portion,” of the above redox flow battery were calculated. In
addition, in the 1% cycle of charge/discharge, the terminal
voltage at which charging was switched to discharging (when
the current was 0 mA) was read and designated as the “elec-
tromotive force.”

[0101] The above “charge/discharge cycling characteristic
(reversibility)” was calculated by obtaining a coulomb
amount b during the discharging in the 2" cycle of charge/
discharge and a coulomb amount € during the discharging 1n
the 3" cycle of charge/discharge, and then using the formula
“(e/b)x1007(%). Then, 1n a case where the calculated numeri-
cal value was 80% or more, the result was evaluated as “o”
(repeated charge/discharge 1s possible); 1n a case of less than
80%, the result was evaluated as “x” (repeated charge/dis-
charge 1s impossible).

[0102] The above “coulombic efliciency” was calculated
by obtaining a coulomb amount a during the charging and the
coulomb amount b during the discharging in the 27 cycle of
charge/discharge, and then using a formula “(b/a)x100”(%).
[0103] The above “voltage elliciency” was calculated by
obtaining an average terminal voltage a during the charging
and an average terminal voltage b during the discharging in
the 2”"? cycle of charge/discharge, and then using the formula
“(b/a)x1007(%).

[0104] The above “energy efliciency” was calculated by
obtaining an electric energy a during the charging and an
electric energy b during the discharging in the 27 cycle of
charge/discharge, and then using the formula “(b/a)x100”
(%0).

[0105] The above “electrolyte utilization proportion™ was
calculated by obtaiming a coulomb amount ¢ by multiplying
the amount (number of moles) of active materials 1n the
clectrolyte supplied to the cathode or anode side by the Fara-
day constant (96500 C/mol), and obtaiming a coulomb
amount d during the discharging in the 1% cycle of charge/
discharge, and then using the formula “(d/c)x100”(%). More-
over, 1n a so-called two-liquid type battery, when there 1s a
difference between the amounts of the active material 1n the
clectrolyte supplied to the cathode side and that supplied to
the anode side, the smaller amount was adopted for the cal-
culation.

[0106] As aresult, the “electromotive force” was 1.2V, the
“charge/discharge cycling characteristic (reversibility)” was
“0” (103%), the “coulombic efficiency™ was 85%, the “volt-
age efficiency” was 85%, the “energy elficiency” was 72%,
and the “electrolyte utilization proportion” was 53%. Accord-
ingly, 1t 1s clear that the redox flow battery having the above
configuration 1s suitably used as an energy storage battery.

[0107] In addition, the *“electrolyte potential” was evalu-
ated by the method below. A graphite electrode and a silver/
silver chloride (in saturated KCI solution) electrode are
respectively mserted into the cathode electrolyte tank and the
anode electrolyte tank of the redox tlow battery 1n advance,
and then the potential of the graphite electrode relative to the
silver/silver chloride (in saturated KCI solution) electrode
during the charging/discharging 1s measured. As a result, the
potential of the cathode electrolyte was 0.94 V at the end of
the discharging, and 1.06 Vat the end of the charging. The
potential of the anode electrolyte was 0.00 Vat the end of the
discharging, and -0.13 V at the end of the charging.

[0108] Moreover, specific calculation methods for the vari-
ous performances (charge/discharge cycling characteristic
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(reversibility), coulombic efficiency, voltage elficiency,
energy elliciency, electrolyte utilization proportion and elec-
trolyte potential) may be well-known methods.

[0109] Next, a self-discharge test of the redox flow battery
having the above configuration was done using the above
cathode electrolyte and anode electrolyte under the following
conditions.

[0110] 20 ml aqueous solution having a concentration of
Mn(III)-polyethyleneimine complex o1 0.2 mol/L was placed
in the cathode electrolyte tank of the redox flow battery hav-
ing the above configuration, and 20 ml of the above aqueous
solution having a concentration of Fe(I111)-DTPA complex of
0.2 mol/L placed in the anode electrolyte tank thereof. In
addition, a graphite electrode and a silver/silver chloride
(saturated potassium chloride solution) electrode were
respectively inserted mto the above cathode electrolyte tank
and anode electrolyte tank. The self-discharge test was car-
ried out by the following steps. A charge (with a total coulomb
amount of 180 C) was performed at a constant current of 100
mA for 30 minutes. The voltage of the graphite electrode
relative to the silver/silver chloride (saturated potassium
chlornide solution) electrode after the charging was measured.
Then, the redox tlow battery was lett still at room temperature
(about 25° C.) overnight (about 18 hours), and the voltage of
the graphite electrode relative to the silver/silver chloride
(saturated potassium chloride solution) electrode at that time
was measured. The two voltages were compared to each
other. After the charge 1s performed under the above condi-
tions, 1t was considered that 1n the cathode electrolyte after
charging, the Mn(lll)-polyethyleneimine complex 1s con-
tained at a concentration of about 0.1 mol/L, and the Mn(IV)-
polyethyleneimine complex is contained at a concentration of
about 0.1 mol/L (at about 50%:50%); 1n the anode electrolyte
after charging, the Fe(1lI)-DTPA complex 1s contained at a
concentration of about 0.1 mol/L, and the Fe(II)-D'TPA com-
plex 1s contained at a concentration of about 0.1 mol/LL (at
about 50%:50%). Moreover, before and during the self-dis-
charging test, N, gas was supplied from the 1nert gas supply
pipe to expel oxygen from the gas phase parts of the charge/
discharge cell, the cathode electrolyte tank and the anode
clectrolyte tank. Dissolved oxygen in the electrolytes was
also expelled.

[0111] As a result, the voltage of the cathode electrolyte
alter the charging was 1.00 V, and the voltage after an over-
night standing was 1.00 V. In addition, the voltage of the
anode electrolyte after the charging was —-0.07 V, and the
voltage after the overnight standing was —0.07. Accordingly,
it 1s clear that the redox flow battery having the above con-
figuration substantially does not, or sufficiently slowly, dis-
charge itsellf.

Example 2

[0112] The anode electrolyte was prepared by the follow-
ing method. Firstly, 0.02 mol (0.86 g) of a polyethyleneimine
(by Wako Pure Chemical Industries, Ltd., having an average
molecular weight of 600) was added to and dissolved 1n 50 ml
of distilled water.

[0113] Next, about 3 ml of dilute sulfuric acid with a con-
centration of 2.5 mol/LL was dripped 1n the aqueous solution to
adjust the pH to 6. Then, 0.02 mol (3.19 g) of CuSO, was
added to and dissolved 1n the aqueous solution, and then 0.05
mol (7.1 g) of Na,SO, (conducting salt) was added thereto
and dissolved. Next, distilled water was added to make the
total amount 100 ml. In this way, an aqueous solution having
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a concentration of Cu(ll)-polyethyleneimine complex o1 0.2
mol/LL was prepared. The pH value of the aqueous solution
was 3.

[0114] Meanwhile, a cathode electrolyte was made by the
method below. First, 0.02 mol (0.86 g) of polyethyleneimine
(by Wako Pure Chemical Industries, Ltd., having an average
molecular weight of 600) was added to 50 ml of distilled
water and dissolved.

[0115] Next, about 3 ml of dilute sulfuric acid having a
concentration of 2.5 mol/LL was dripped into the resulting
aqueous solution to adjust the pH to 6. Then, 0.02 mol (3.38
o) of MnSO,.H,O was added to and dissolved 1n the above
aqueous solution, and then 0.05 mol (7.1 g) of Na,SO,, (con-
ducting salt) was added thereto and dissolved. Next, dilute
sulfuric acid having a concentration of 2.5 mol/L. was dripped
thereto to adjust the pH to 5, and then distilled water was
added to make the total amount 100 ml. In this way, an
aqueous solution having a concentration of Mn(II)-polyeth-
yleneimine complex of 0.2 mol/L was prepared.

[0116] Next, electrolytic oxidation and electrolytic reduc-
tion of the aqueous solution were performed using the same
method as the electrolytic oxidation method 1 Example 1.
Specifically, 15 ml of an aqueous solution having a concen-
tration ol Mn(II)-polyethyleneimine complex of 0.2 mol/L
was placed in the cathode electrolyte tank of the redox tlow
battery having the above configuration, and 15 ml of the
above aqueous solution having a concentration of Cu(Il)-
polyethyleneimine complex of 0.2 mol/LL was placed 1n the
anode electrolyte tank of the same. However, regarding the
collector plates, pure titanium (thickness: 0.6 mm) was used
for the collector plate on the cathode side, and SG Carbon
(thickness: 0.6 mm), a kind of glassy carbon plate made by
Showa Denko K.K., was used for the collector plate on the
anode side.

[0117] Then, a charging (with a total coulomb amount of
300 C) was performed at a constant current of 100 mA for 50
minutes. Before and during the charging, N, was supplied
from the 1nert gas supply pipe to expel oxygen from the gas
phase parts of the charge/discharge cell, the cathode electro-
lyte tank and the anode electrolyte tank. Dissolved oxygen 1n
the aqueous solutions was also expelled. In this way, the
Mn(II)-polyethyleneimine complex contained in the aqueous
solution 1n the cathode electrolyte tank was electrolytically
oxidized to prepare an aqueous solution having a concentra-
tion of Mn(III)-polyethyleneimine complex of 0.2 mol/L,
which served as the cathode electrolyte. However, the exact
valence (valence distribution) of the electrolytically oxidized
Mn-polyethyleneimine complex was unknown.

[0118] Meanwhile, during the charging, the Cu(ll)-poly-
cthyleneimine complex in the anode electrolyte tank was
reduced to a Cu(I)-polyethyleneimine complex, and the aque-
ous solution accordingly became an aqueous solution of
Cu(D)-polyethyleneimine complex. However, the exact
valence (valence distribution) of the electrolytically reduced
Cu-polyethyleneimine complex was unknown.

[0119] A charge/discharge test of a redox flow battery hav-
ing the same configuration as the redox tlow battery described
in Example 1 was carried out using the above cathode elec-
trolyte and anode electrolyte under the following conditions.

[0120] 15 mlofanaqueous solution with a concentration of
Mn(I1I)-polyethyleneimine complex of 0.2 mol/LL was placed
in the cathode electrolyte tank of the redox flow battery hav-
ing the above configuration, and 15 ml of the above aqueous
solution having a concentration of Cu(I)-polyethyleneimine
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complex 01 0.2 mol/LL was placed 1n the anode electrolyte tank
of the same. In the charge/discharge test, the charging (with a
total coulomb amount of 240 C) was performed at a constant
current of 100 mA for 40 minutes, and the discharging was
performed at a constant current of 100 mA. The discharging
cut-oif voltage was set to 0.0 V. Then, after a pre-test of
repeating the charge/discharge cycle starting from charging,
30 times (30 cycles) was carried out, as the main test, the
charge/discharge cycle was repeated 20 times (20 cycles;
totally 50 cycles). Moreover, before and during the charge/
discharge test, N, gas was supplied from the 1nert gas supply
pipe to expel oxygen from the gas phase parts of the charge/
discharge cell, the cathode electrolyte tank and the anode
clectrolyte tank. Dissolved oxygen in the electrolytes was
also expelled.

[0121] It 1s concervable that the redox reaction at the cath-
ode side was “Mn(Il)-polyethyleneimine complex
< Mn(IV)-polyethyleneimine complex+e™,” and the redox
reaction at the anode side was “Cu(ll)-polyethyleneimine
complex+e” < Cu(l)-polyethyleneimine complex.” It 1s also
conceivable that a Cu(Il)-polyethyleneimine complex having
a concentration of 0.2 mol/L was formed (reproduced) 1n the
pre-test.

[0122] The results (transition of battery voltage) of the
main test (31 to 507 cycle) of the charge/discharge test are
plotted 1n FI1G. 3. From the figure, various performances, 1.¢.,
“charge/discharge cycling characteristic (reversibility),”
“coulombic efficiency,” “voltage efficiency,” “energy eili-
ciency’ and “electrolyte utilization proportion,” of the above
redox flow battery were calculated as 1n the case of Example
1. However, the following methods were used as the calcula-
tion methods. In addition, in the 31% cycle of charge/dis-
charge, a terminal voltage at which charging was switched to
discharging (when the current was 0 mA) was read and des-
ignated as the “electromotive force.”

[0123] The above “charge/discharge cycling characteristic
(reversibility)” was calculated by obtaiming the coulomb
amount b during the discharging in the 31* cycle of charge/
discharge and the coulomb amount ¢ during the discharging
in the 50” cycle of charge/discharge, and then using the

formula “(e/b)x100(%).

[0124] The above “coulombic efficiency” was calculated
by obtaining the coulomb amount a during the charging and
the coulomb amount b during the discharging in the 507 cycle
of charge/discharge, and then using the formula “(b/a)x100”
(%).

[0125] The above “voltage elliciency” was calculated by
obtaining the average terminal voltage a during the charging
and the average terminal voltage b during the discharging 1n
the 32" cycle of charge/discharge, and then using the formula
“(b/a)x1007(%).

[0126] The above “energy elfliciency” was calculated by
obtaining the electric energy a during the charging and the
electric energy b during the discharging in the 327 cycle of
charge/discharge, and then using the formula “(b/a)x100”
(%).

[0127] The above “electrolyte utilization rate” was calcu-
lated by obtaining the coulomb amount ¢ by multiplying the
amount (number of moles) of the active materal 1n the elec-
trolyte supplied to the cathode or anode side by the Faraday
constant, and obtaining the coulomb amount d during the
discharging in the 31°° cycle of charge/discharge, and then
using the formula “(d/c)x1007°(%). Moreover, 1n the so-called
two-liquid type, when there 1s a difference between the

[,
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amounts of the active maternal 1n the electrolyte supplied to
the cathode side and that supplied to the anode side, the
smaller amount was adopted for the calculation.

[0128] Asaresult, the “electromotive force” was 1.08 V, the
“charge/discharge cycling characteristic (reversibility)” was
“0” (101%), the “coulombic efficiency” was 94%, the *““volt-
age elficiency” was 353%, the “energy elliciency” was 51%,
and the “electrolyte utilization proportion” was 78%. Accord-
ingly, 1t 1s clear that the redox flow battery having the above
configuration 1s suitably used as an energy storage battery.
[0129] In addition, the *“electrolyte potential” was evalu-
ated 1n the same manner as in Example 1. As a result, the
potential of the cathode electrolyte was 0.94 V at the end of
the discharging, and 1.06 Vat the end of the charging. The
potential of the anode electrolyte was 0.14 Vat the end of the
discharging, and 0.06 V at end of the charging.

Example 3

[0130] The performance of the redox flow battery having a
changed molar ratio between manganese 1ons and nitrogen
atoms contained 1n polyethyleneimine was evaluated using
cyclic voltammetry by the method below. In order to evaluate
the performance of the cathode electrolyte, the cyclic volta-
mmetry having the following configuration was used as a
measurement apparatus to measure (electrochemically mea-
sure) electrode characteristics of an electrode immersed 1n the
cathode electrolyte. A schematic configuration of the cyclic
voltammetry (CV) 1s described as follows based on FIG. 12.
[0131] Asshownin FIG. 12, the cyclic voltammetry 20 was
provided with a ring-shaped upper block 27a and a plate-
shaped lower block 275, both composed of fluororesin.
Between the upper block 27a and the lower block 275, an
clectrode 23 composed of glassy carbon (made by Tokai
Carbon Co., Ltd.) was interposed as a working electrode
through an O-ring 25, and a cell 29 was configured by fixing
with bolts 26a and 26b. The cell 29 1s filled with the cathode
clectrolyte as the measured electrolyte 24. The cyclic volta-
mmetry 20 includes, 1n the cell 29, a reference electrode 21
composed of a silver/silver chloride (saturated potassium
chloride solution) electrode and a counter electrode 22 com-
posed of a platinum wire to be immersed in the measured
clectrolyte 24, and also includes a cover 30 covering the cell
29. The counter electrode 22 1s wound around the reference
clectrode 21 at a constant interval. The cover 30 has holes for
passage of the reference electrode 21, the counter electrode
22 and a tube 28 formed therein. The tube 28 1s configured to
supply N, gas from a supply apparatus (not shown) to above
the measured electrolyte 24 1n the cell 29, so as to shield the
measured electrolyte 24 from the oxygen 1n the atmosphere
by the supplied N, gas, such that the influence of the oxygen
1s eliminated.

[0132] The performance of the cathode electrolyte was
evaluated by (electrochemically) measuring electrode char-
acteristics of the electrode immersed 1n the cathode electro-
lyte using the cyclic voltammetry 20 with the above configu-
ration. Specifically, the cyclic voltammetry 20 was
clectrically connected to an electrochemical measurement
system (HZ-5000, made by Hokuto Denko Corporation). The
measurement temperature was set to 20° C. or 60° C. The
surface area of the electrode 23 contacting the measured
electrolyte 24 was made 0.44 cm”. The sweep speed (scan
speed) was set to 100 mV/s. The sweep range (scan range)
was setto —1.0 Vto 1.5V (relative to the silver/silver chloride
(saturated potassium chloride solution) electrode). The num-
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ber of times of sweep (number of repeated cycles of charge/
discharge) was set to 50. Thereby, the electrode characteris-
tics of the electrode 23 were measured.

[0133] As the above measured electrolyte, a cathode elec-
trolyte having a molar ratio of manganese 1ons to nitrogen
atoms contained 1in polyethyleneimine of 1:1 was prepared by
the following method. Firstly, 0.02 mol (0.86 g) of polyeth-
yleneimine was added to and dissolved in 50 ml of distilled
water. The used polyethyleneimine (produced by Wako Pure
Chemical Industries, Ltd.) had an average molecular weight
of 600.

[0134] Next, about 2 ml of dilute sulfuric acid having a
concentration of 2.5 mol/LL was dripped into the aqueous
solution to adjust the pH to 7. Thereatter, 0.02 mol (3.38 g) of
MnSO,.H,O was added to and dissolved 1n the aqueous solu-
tion, and then 0.05 mol (7.1 g) of Na,SO, was added thereto
and dissolved. Next, distilled water was added to make the
total amount 100 ml. In this way, an aqueous solution having
a molar ratio of manganese 10ns to nitrogen atoms contained
in polyethyleneimine of 1:1 and having a concentration of
Mn(II)-polyethyleneimine complex of 0.2 mol/LL was pre-
pared to serve as the cathode electrolyte a.

[0135] Then, electrode characteristics of the electrode
immersed in the above cathode electrolyte a were measured
(electrochemically measured) using the cyclic voltammetry
having the above configuration under the above conditions.
The obtained electrode characteristics are plotted in FIGS.
4-5. FI1G. 4 1s for the case where the measurement temperature
was 20° C., and FIG. 5 for the case where the measurement
temperature was 60° C., wherein the horizontal axis indicates
clectrode potential (V vs Ag/Ag(Cl), and the vertical axis
indicates the response current (mA). From the shapes of the
curves (cyclic voltammogram) in the figures, the charge/dis-
charge cycling characteristic (reversibility) of the cathode
clectrolyte a can be evaluated.

[0136] In the curves (cyclic voltammogram) shown in the
figures having specific shapes, the lower curves represent
reduction waves, and the upper curves represent oxidation
waves. By sweeping the electrode potential from 1.5V 1o 1.0
V, the reduction waves as the lower curves were plotted from
the right side to the left side. At this moment, 1n the measured
clectrolyte 24, the Mn(IV)-polyethyleneimine complex as the
oxidized complex existing in proximity to the electrode 23
was reduced to the Mn(IlI)-polyethyleneimine complex as
the reduced complex. By contrast, by sweeping the electrode
potential from -1.0 V to 1.5 V, the oxidation waves as the
upper curves were plotted from the left side toward the right
side. At this moment, in the measured electrolyte 24, the
Mn(III)-polyethyleneimine complex as the reduced complex
ex1isting 1n proximity to the electrode 23 was oxidized to the
Mn(IV)-polyethyleneimine complex as the oxidized com-
plex. In addition, each response current value 1n the reduction
waves and the oxidation was the value of a weak current
occurring in the measured electrolyte 24 by virtue of the
redox reaction arising in proximity to the electrode 23. In
addition, from the mean value of the peak potentials (Ep) 1n
both the reduction waves and the oxidation waves, the redox
potential of the redox reaction system of the Mn-polyethyl-
eneimine complex was known.

[0137] From the shapes of the curves plotted 1n the figures,
it was known that the redox reaction between trivalent and
tetravalent Mn-polyethyleneimine complexes was stably
repeated and excellent 1n reproducibility.
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[0138] Next, as the above measured electrolyte, a cathode
clectrolyte having a molar ratio of manganese 1ons to nitrogen
atoms contained 1n polyethyleneimine of 1:5 was prepared by
the method below. Firstly, 0.10 mol (4.30 g) of polyethylene-
imine was added to and dissolved 1n 50 ml of distilled water.
The used polyethyleneimine (by Wako Pure Chemical Indus-
tries, Ltd.) had an average molecular weight of 600.

[0139] Next, about 10 ml of dilute sulfuric acid having a
concentration of 2.5 mol/LL was dripped into the resulting
aqueous solution to adjust the pH to 7. Thereatter, 0.02 mol
(3.38 g) of MnSO,.H,O was added to and dissolved 1n the
above aqueous solution, and then 0.05 mol (7.1 g) of Na,SO,,
was added thereto and dissolved. Next, distilled water was
added to make the total amount 100 ml. In this way, an
aqueous solution having a molar ratio of manganese 1ons to
nitrogen atoms contained in polyethyleneimine of 1:5 and
having a concentration of Mn(II)-polyethyleneimine com-
plex of 0.2 mol/L was prepared to act as a cathode electrolyte
b.

[0140] Then, electrode characteristics of the electrode
immersed 1n the above cathode electrolyte b were (electro-
chemically) measured as in the case of the cathode electrolyte
a under the above conditions. The obtained electrode charac-
teristics are plotted 1n FIGS. 6 and 7. FIG. 6 1s for the case
where the measurement temperature was 20° C., and FIG. 7 1s
for the case where the measurement temperature was 60° C.
[0141] From the shapes of the curves plotted in the figures,
it was known that the redox reaction between trivalent and
tetravalent Mn-polyethyleneimine complexes was stably
repeated and excellent 1n reproducibility.

[0142] Then, by comparing the graph of FIG. 4 and the
graph of FIG. 6, 1t was known that at 20° C., the cathode
clectrolyte a having a molar ratio of Mn-ions to N-atoms
contained in polyethyleneimine of 1:1 had better charge/
discharge cycling characteristic (reversibility) and was
improved 1n the reactivity of the manganese 10n. In addition,
by comparing the graph of FIG. 5 and that of FIG. 7, 1t was
known that at 60° C., the cathode electrolyte b having a molar
ratio of Mn-1ons to N-atoms contained in polyethyleneimine
of 1:5 had a better charge/discharge cycling characteristic
(reversibility) and 1s improved 1n the reactivity of the Mn-ion.
[0143] From the results of the above performance evalua-
tion, 1t was known that by changing the molar ratio of Mn-
ions to N-atoms contained 1n polyethyleneimine 1n the cath-
ode celectrolyte according to the working temperature
(operating temperature), a redox flow battery having excel-
lent charge/discharge cycling characteristic (reversibility)
and a further improved reactivity of the manganese 1on can be
provided.

Example 4

[0144] The performance evaluation of a cathode electrolyte
having a changed pH was performed using the same method
and the same cyclic voltammetry as in Example 3.

[0145] As the measured electrolyte, a cathode electrolyte
having a pH 1n the range of 1.28 to 6.80 was prepared as
follows. Firstly, 0.02 mol (0.86 g) of polyethyleneimine was
added to and dissolved in 50 ml of distilled water. The used
polyethyleneimine (by Wako Pure Chemical Industries, Ltd.)
had an average molecular weight of 600.

[0146] Next, about 2 ml of dilute sulfuric acid having a
concentration of 2.5 mol/LL was dripped into the resulting

aqueous solution to adjust the pH to 7. Thereatter, 0.02 mol
(3.38 g) of MnSO,.H,O was added to and dissolved in the




US 2015/0214565 Al

above aqueous solution, and then 0.05 mol (7.1 g) of Na,SO,
was added thereto and dissolved. Next, distilled water was
added to make the total amount 100 ml. In this way, an
aqueous solution having a concentration of Mn(II)-polyeth-
yleneimine complex of 0.2 mol/L was prepared.

[0147] Thereatter, the aqueous solution was divided nto
tour equal parts. To each part of the aqueous solution, dilute
sulfuric acid having a concentration of 2.5 mol/LL was dripped
to adjust the pH to 1.28, 3.01, 5.80 or 6.80. Thereby, the
cathode electrolytes c-1 to ¢-4 were prepared.

[0148] Then, electrode characteristics of the electrodes
immersed 1n the above cathode electrolytes ¢-1 to c-4 were
(electrochemically) measured using the cyclic voltammetry
under the same conditions of Example 3. However, the mea-
surement temperature was set to 20° C. The obtained elec-
trode characteristics are plotted 1n FIGS. 8, 9, 10 and 11,
which are respectively for the case (cathode electrolyte c-1)
where the pH was 1.28, the case (cathode electrolyte c-2)
where the pH was 3.01, the case (cathode electrolyte c-3)
where the pH was 5.80, and the case (cathode electrolyte c-4)
where the pH was 6.80.

[0149] From the shapes of the curves shown 1n the figures,
it was known that in the cathode electrolytes ¢-2 to ¢-4 having
a pH 1n the range of 2 to 7, the redox reaction between
trivalent and tetravalent Mn-polyethyleneimine complexes
was stably repeated and good 1n reproducibility. It was also
known that in the cathode electrolyte c-1 with a pH outside
the range of 2 to 7, the reactivity of the above redox reaction
between trivalence and tetravalence 1s inferior compared to
the cathode electrolytes c-2 to ¢c-4.

[0150] From the results of the above performance evalua-
tion, 1t was known that by using a cathode electrolyte having,
a pH 1n the range of 2 to 7, a redox tlow battery having more
excellent performance can be provided.

Example 5

[0151] The solubility of the Mn(lI)-polyethyleneimine

complex contained 1n the cathode electrolyte was determined
by the following method.

[0152] Firstly, 0.02 mol (0.86 g) of polyethyleneimine was
added to and dissolved 1n 50 ml of distilled water. The used
polyethyleneimine (produced by Wako Pure Chemical Indus-
tries, Ltd.) had an average molecular weight of 600.

[0153] Next, about 2 ml of dilute sulfuric acid having a
concentration of 2.5 mol/LL was dripped into the resulting
aqueous solution to adjust the pH to 7. Next, 0.02 mol (3.38 g)
of MnSO,.H,O was added to and dissolved in the above
aqueous solution, and then distilled water was added to make
the total amount 100 ml, thus preparing an aqueous solution
having a molar ratio of Mn-1ons to N-atoms contained in
polyethyleneimine of 1:1 and having a concentration of
Mn(II)-polyethyleneimine complex of 0.2 mol/L.

[0154] Then, the aqueous solution was stirred by a mag-
netic stirrer while water therein was evaporated away until the
total amount reached 8 ml, followed by being cooled to room
temperature (about 25° C.). By condensing the above aque-
ous solution until the total amount reached 8 ml, even though
the concentration of Mn(Il)-polyethyleneimine complex
became 2.5 mol/L, no deposition of manganese compound
was seen even at room temperature (about 25° C.). In other
words, 1t was known that the solubility of the Mn(II)-poly-
cthyleneimine complex 1s 2.5 mol/L or more, and the concen-
tration of Mn-polyethyleneimine complex contained 1n the
cathode electrolyte may be adjusted to 0.2 mol/L to 2.5 mol/
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L. In this way, 1t was known that a cathode electrolyte con-
taining the Mn(Il)-polyethyleneimine complex 1s suitably
used for the redox flow battery.

[0155] Further, 0.02 mol (2.84 g) of Na,SO, was added to
the above condensed aqueous solution (having a total amount
of 8 ml), and distilled water was added to make the total
amount 15 ml. After the aqueous solution was stirred using a
magnetic stirrer, Na,SO, was dissolved. Thus, it was known
that since 0.02 mol of Mn(Il)-polyethyleneimine complex
and 0.02 mol of Na,SO, were dissolved 1n the aqueous solu-
tion having a total amount of 15 ml, the solubility of the
Mn(II)-polyethyleneimine complex in the aqueous solution
dissolving the Mn(Il)-polyethyleneimine complex and
Na,SO, as a conducting salt at a molar ratio of 1:1 1s 1.33
mol/LL or more. In this way, 1t was known that a cathode
clectrolyte containing the Mn(II)-polyethyleneimine com-
plex 1s suitably used for the redox flow battery even in the case
where a conducting salt 1s used.

Comparative Example 1

[0156] Exceptthat0.10 mol (5.85 g) of NaCl was added 1n
place of Na,SO, as the conducting salt, an aqueous solution
containing Mn(II)-polyethyleneimine complex in a concen-
tration o1 0.2 mol/LL was prepared by the same processes as in
Example 1.

[0157] Next, after the resulting aqueous solution was elec-
trolytically oxidized to prepare a cathode electrolyte, chlorine
gas occurred from the aqueous solution. Accordingly, 1t was
known that 11 a large number (1 mol/L 1n this case) of chlorine
1ions are contained 1n the cathode electrolyte, when the man-
ganese 1ons are being oxidized, the oxidation reaction of
manganese 1s mterfered with and chlorine gas occurs.

Comparative Example 2

[0158] Except that the charge/discharge cell as well as the
cathode electrolyte tank and the anode electrolyte tank were
exposed to the atmosphere after the charging in the seli-
discharge test, the self-discharge test was carried out by the
same processes as in Example 1. As a result, 1t was known that
if a large amount (~20% of the atmosphere) of oxygen 1s
contained 1n the gas contacting a liquid surface of the cathode

clectrolyte, the redox flow battery discharges itself (very
fast).

Comparative Example 3

[0159] Exceptthatthe following aqueous solution was used
as the cathode electrolyte, the seli-discharge test was carried
out by the same processes as in Example 1.

[0160] Firstly, 0.02 mol (3.38 g) of MnSO,.H,O was added
to and dissolved 1n 50 ml of distilled water. Next, 0.02 mol
(8.32 g) of EDTA(4Na).2H,O (tetrasodium salt of EDTA)
was added to and dissolved 1n the aqueous solution, and then
0.05 mol (7.1 g) of Na,SO, was added and dissolved. Next,
distilled water was added to make the total amount 100 ml.
Thus, an aqueous solution having a concentration of Mn(II)-
EDTA complex of 0.2 mol/L was prepared. Then, except that
the above aqueous solution was used as the cathode electro-
lyte, the self-discharge test was carried out by the same pro-
cesses as 1n Example 1.

[0161] As a result, the voltage of the cathode electrolyte
alter the charging was 0.55 'V, and the voltage after an over-
night standing was 0.30 V. Accordingly, 1t was known that a
redox flow battery using the cathode electrolyte containing
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EDTA(4Na).2H,O as a polyaminocarboxylic acid in place of
polyethyleneimine discharges itself (very fast).

[0162] In addition, during the overnight standing, occur-
rence ol carbon dioxide gas (occurrence of bubbles) in the
cathode electrolyte was recognized. The phenomenon was
consistent with that mentioned 1n Non-Patent Document 2.
Thus, 1t 1s conceivable that the EDTA as a ligand was oxidized
and decomposed 1tsell.

Comparative Example 4

[0163] Exceptthatthe following aqueous solution was used
as the cathode electrolyte, the self-discharge test was carried
out by the same processes as in Example 1.

[0164] Firstly, 0.02 mol (3.38 g) of MnSO,.H,O was added
to and dissolved 1n 70 ml of distilled water. Next, 0.02 mol
(5.56 g) of EDTA-OH and 0.06 mol (2.4 g) of NaOH were
added to and dissolved 1n the aqueous solution little by little,
and then 0.05mol (7.1 g) of Na,SO_, was added and dissolved.
Next, distilled water was added to make the total amount 100
ml. In this way, an aqueous solution having a concentration of
Mn(II)-EDTA-OH complex 01 0.2 mol/LL was prepared. Then,
except that the above aqueous solution was used as the cath-
ode electrolyte, a self-discharge test was carried out by the
operations of Example 1.

[0165] As a result, the voltage of the cathode electrolyte
after the charging was 0.48 V, and the voltage after an over-
night standing was 0.40 V. Accordingly, it was known that a
redox flow battery using the cathode electrolyte containing,
EDTA-OH as a polyaminocarboxylic acid i place of poly-
cthyleneimine discharges itself (very fast).

Comparative Example 5

[0166] Firstly, 0.02 mol (2.96 g) of disodium malonate was
added to and dissolved 1n 70 ml of distilled water, and then
dilute sulfuric acid having a concentration of 2.5 mol/L was
dripped thereto to adjust the pH to 7. Next, 0.02 mol (3.38 g)
of MnSO,.H,O was added to and dissolved in the aqueous
solution, and then 0.05 mol (7.1 g) of Na,SO, was added and
dissolved. Next; distilled water was added to make the total
amount 100 ml. Thus, it was known that though an attempt
was made to prepare an aqueous solution with a concentration
of Mn(II)-malonic acid complex of 0.2 mol/L., manganese
compound 1s 1mmediately deposited. Accordingly, 1t was
known that if malonic acid as a polycarboxylic acid 1s used
instead of polyethyleneimine, it 1s 1impossible to prepare a
cathode electrolyte containing a Mn(II) complex 1n a suifi-
cient concentration.

Comparative Example 6

[0167] Firstly, 0.02 mol (3.24 g) of disodium succinate was
added to and dissolved 1n 70 ml of distilled water, and then
dilute sulfuric acid having a concentration of 2.5 mol/L was
dripped thereto to adjust the pH to 7. Next, 0.02 mol (3.38 g)
of MnSO,.H,O was added to and dissolved 1n the aqueous
solution, and then 0.05 mol (7.1 g) of Na,SO, was added and
dissolved. Next, distilled water was added to make the total
amount 100 ml. Thus, it was known that though an attempt
was made to prepare an aqueous solution having a concen-
tration of Mn(II)-succinic acid complex o1 0.2 mol/L, a man-
ganese compound was immediately deposited. Accordingly,
it was known that 11 succinic acid as a polycarboxylic acid 1s

Jul. 30, 2015

used instead of polyethyleneimine, 1t 1s impossible to prepare
a cathode electrolyte containing a Mn(II) complex at a suili-
cient concentration.

Comparative Example 7

[0168] Exceptthatthe following aqueous solution was used
as the cathode electrolyte, the seli-discharge test was carried
out by the same processes as in Example 1.

[0169] Firstly, 0.02 mol (2.68 g) of DL-malic acid was
added to and dissolved 1n 70 ml of distilled water, and then
0.04 mol (1.6 g) of NaOH was added and dissolved. Next,
dilute sulfuric acid having a concentration of 2.5 mol/L was
dripped 1nto the aqueous solution to adjust the pH to 7. There-
after, 0.02 mol (3.38 g) of MnSO,.H,O was added to and
dissolved 1n the above aqueous solution, and then 0.05 mol
(7.1 g) of Na,SO, was added and dissolved. Next, distilled
water was added to make the total amount 100 ml. Thus, an
aqueous solution having a concentration of Mn(II)-DL-malic
acid complex of 0.2 mol/LL was prepared. Then, except that
the above aqueous solution was used as the cathode electro-
lyte, a self-discharge test was carried out by the operations of
Example 1.

[0170] As a result, the voltage of the cathode electrolyte
alter the charging was 0.34 V, and the voltage after an over-
night standing was 0.27 V. Accordingly, 1t was known that a
redox flow battery using a cathode electrolyte containing
DL-malic acid as a hydroxy acid instead of polyethylene-
imine discharges itself (very fast).

Comparative Example 8

[0171] Exceptthatthe following aqueous solution was used
as the cathode electrolyte, the self-discharge test was carried
out by the same operations of Example 1.

[0172] Firstly, 0.02 mol (4.20 g) of citric acid was added to
and dissolved 1in 70 ml of distilled water, and then 0.06 mol
(2.4 g) of NaOH was added and dissolved. Next, dilute sul-
furic acid having a concentration of 2.5 mol/LL was dripped
into this aqueous solution to adjust the pH to 7. Thereatter,
0.02 mol (3.38 g) of MnSO_,.H,O was added to and dissolved
in the aqueous solution, and then 0.05 mol (7.1 g) of Na,SO,,
was added and dissolved. Next, distilled water was added to
make the total amount 100 ml. Thus, an aqueous solution
having a concentration of Mn(II)-citric acid complex of 0.2
mol/LL was prepared. Then, except that the above aqueous
solution was used as the cathode electrolyte, a self-discharge
test was carried out by the same operations of Example 1.
[0173] As a result, the voltage of the cathode electrolyte
alter the charging was 0.31 V, and the voltage after an over-
night standing was 0.20 V. Accordingly, 1t was known that a
redox flow battery using the cathode electrolyte contaiming
citric acid as a hydroxy acid instead of polyethyleneimine
discharges 1tself (very fast).

Comparative Example 9

[0174] Firstly, 0.02 mol (1.2 g) of ethylenediamine was
added to and dissolved 1n 70 ml of distilled water, and then
dilute sulfuric acid having a concentration of 2.5 mol/LL was
dripped 1n to adjust the pH to 7. Next, 0.02 mol (3.38 g) of
MnSO,.H,O was added to and dissolved 1n the aqueous solu-
tion, and then 0.05 mol (7.1 g) of Na,SO, was added and
dissolved. Next, distilled water was added to make the total
amount 100 ml. Thus, it was known that though an attempt
was made to prepare an aqueous solution having a molar ratio
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of manganese to ethylenediamine of 1:1 and having a con-
centration of Mn(Il)-ethylenediamine complex o1 0.2 mol/L,
a manganese compound 1s deposited immediately. Accord-
ingly, 1t was known that 1f ethylenediamine 1s used instead of
polyethyleneimine, 1t 1s impossible to prepare a cathode elec-
trolyte containing a Mn(II) complex at a suificient concentra-
tion.

Comparative Example 10

[0175] Except that the following aqueous solutions were
used as the anode electrolyte and the cathode electrolyte, a
seli-discharge test was done by the operations of Example 2.
[0176] The anode electrolyte was prepared as follows.
Firstly, 0.1 mol (6.0 g) of ethylenediamine was added to and
dissolved in 70 ml of distilled water. Next, dilute sulfuric acid
having a concentration of 2.5 mol/LL was dripped into the
aqueous solution to adjust the pH to 7. Then, 0.02 mol (3.19
g) of CuSO, was added to and dissolved 1n the above aqueous
solution, and then 0.05 mol (7.1 g) of Na,SO, (conducting,
salt) was added and dissolved. Next, distilled water was
added to make the total amount 100 ml, thus preparing an
aqueous solution having a molar ratio of copper to ethylene-
diamine of 1:5 and having a concentration of Cu(Il)-ethyl-
enediamine complex of 0.2 mol/L.

[0177] Meanwhile, the cathode electrolyte was prepared as
tollows. Firstly, 0.1 mol (6.0 g) of ethylenediamine was added
to and dissolved in 70 ml of distilled water. Next, dilute
sulfuric acid having a concentration of 2.5 mol/LL was dripped
into the aqueous solution to adjust the pH to 7. Then, 0.02 mol
(3.38 g) of MnSO,.H,O was added to and dissolved in the
aqueous solution, and then 0.05 mol (7.1 g) of Na,SO,, (con-
ducting salt) was added and dissolved. Next, distilled water
was added to make the total amount 100 ml. In this way, an
aqueous solution having a molar ratio of manganese to eth-
ylenediamine of 1:5 and having a concentration of Mn(II)-
cthylenediamine complex of 0.2 mol/LL was prepared. More-
over, no manganese compound was deposited.

[0178] A charge/discharge test of the redox tlow battery
was carried out using the above cathode electrolyte and anode
clectrolyte under the same conditions of Example 2. How-
ever, the charge/discharge test was carried out with the charg-
ing being performed at a constant current of 100 mA with a
cut-oif voltage set to 2.0 V. The discharging was performed at
a constant current of 100 mA with a cut-off voltage set to 0.3
V.

[0179] It 1s concelvable that the redox reaction at the cath-
ode side 1s “Mn(Il)-ethylenediamine complex < Mn(IIl)-
cthylenediamine complex+e™,” and that at the anode side 1s
“Cu(ll)-ethylenediamine complex+e™ < Cu(l)-ethylenedi-
amine complex.”

[0180] As aresult, there was no big difference between any
of the numerical values of “electromotive force,” “coulombic
elliciency,” “voltage efficiency” and “energy elficiency” and
the numerical values 1n Example 2. However, in contrast to
Example 2 where the redox flow battery was not substantially
reduced in capacity even after the charge/discharge cycle was
repeated 50 times (50 cycles), the redox tlow battery of Com-
parative Example 10 was reduced 1n capacity after the charge/
discharge cycle was repeated 50 times (50 cycles). That 1s to
say, as shown 1n FIG. 13, 1n contrast to the “electrolyte utili-
zation proportion” of the redox tlow battery of Example 2 that
did not substantially vary even after the charge/discharge
cycle was repeated 50 times (50 cycles), the “electrolyte
utilization proportion” of the redox flow battery of Compara-
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tive Example 10 remarkably dropped with repetition of
charge/discharge. That 1s to say, as compared to the redox
flow battery of Example 2, the redox flow battery of Com-
parative Example 10 was inferior i “charge/discharge
cycling characteristic (reversibility)” and “electrolyte utiliza-
tion proportion.” Thus, 1t was known that the redox flow
battery of Comparative Example 10 does not have suificient
durability for practical applications 1n a wide range of fields
as an energy storage battery.

[0181] Inaddition, after the charge/discharge test was com-
pleted, the charge/discharge cell of the redox flow battery was
disassembled, and the carbon felt (GFAS made by SGL
Group) as the cathode and the anode and the collector plates
were observed. As a result, a large amount of deposition of a
manganese compound was recognized at the cathode side,
and a large amount of deposition of a copper compound
recognized at the anode side. It was also known from this that
the redox tlow battery of Comparative Example 10 does not
have sufficient durability for practical applications in a wide
range of fields as an energy storage battery. Moreover, in the
redox flow battery of Example 2, almost none of the above
deposition was recognized.

[0182] Further, by comparing the safety of polyethylene-
imine (by Wako Pure Chemical Industries, Ltd., with an aver-
age molecular weight of 600) and that of ethylenediamaine, as
mentioned in Non-Patent Documents 3 and 4, polyethylene-
imine 1s classified as dangerous goods under Class 4, Petro-
leum Type 4, having a tlash point of 248° C. (in Cleveland
open-cup ) and an acute toxicity (oral; 1n rats; LID50) of 1350
mg/kg. By contrast, ethylenediamine 1s classified as danger-
ous goods under Class 4, Petroleum Type 2, having a flash
point 01 34° C. (1n a closed cup) and an acute toxicity (oral; in
rats; LD50) of 500 mg/kg. Accordingly, 1t was known that in
terms of operability or acute toxicity as dangerous goods, the
redox flow battery of Comparative Example 10 was inferior to
the redox flow battery of Example 2.

[0183] The mvention 1s not limited to the embodiments
described above, and may be modified 1n various ways within
the scope of the claims. An embodiment derived from a
proper combination of technical means disclosed 1n respec-
tive different embodiments 1s also encompassed 1n the tech-
nical scope of the invention.

INDUSTRIAL APPLICABILITY

[0184] With this invention, an energy storage battery
capable of preventing precipitation of a manganese com-
pound and preventing seli-discharge thereof, and also having
an 1mproved reactivity of manganese 1on can be provided.
Accordingly, there 1s an effect that an energy storage battery
using a manganese-based redox material and having a sufifi-
cient durability for practical applications 1n a wide range of
fields can be provided.

[0185] Hence, the energy storage battery of this invention
not only may be used by electric power companies, but also
may be ubiquitously utilized in various industries requiring
energy storage.

DESCRIPTION OF REFERENCE NUMERALS
[0186]

1: Redox flow battery 2: Charge/discharge cell (battery container)

(energy storage battery)
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-continued

2b: Anode cell
4: Anode electrolyte tank
11: Diaphragm

2a: Cathode cell

3: Cathode electrolyte tank
10: Charge/discharge
apparatus

12: Collector plate

14: Collector plate

20: Cyclic voltammetry
22: Counter electrode

24: Measured electrolyte

13: Cathode
15: Anode

21: Reference electrode
23: Electrode (working electrode)

What 1s claimed 1s:

1. An energy storage battery, being a redox type energy
storage battery, and being characterized 1n that a cathode
clectrolyte thereof 1s an aqueous solution containing a Mn-
based redox material as a cathode active material and also
containing polyethyleneimine.

2. The energy storage battery of claim 1, wherein a molar
rat1o of manganese 10ons to nitrogen atoms contained in the
polyethyleneimine 1s 1n a range of 1:1 to 1:5.
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3. The energy storage battery of claim 1, wherein a con-
centration of a Mn-polyethyleneimine complex contained 1n
the cathode electrolyte ranges from 0.2 mol/L to 2.5 mol/L.

4. The energy storage battery of claim 1, wherein a pH of
the cathode electrolyte 1s 1n a range of 2 to 7.

5. The energy storage battery of claim 1, wherein the Mn-
based redox material 1s manganese sulfate.

6. The energy storage battery of claim 1, wherein the cath-
ode electrolyte 1s electrolytically oxidized.

7. The energy storage battery of claim 1, wherein the cath-
ode electrolyte 1s shielded from oxygen 1n the atmosphere.

8. An energy storage battery, being characterized 1n that an
anode electrolyte solution thereotf 1s an aqueous solution con-
taining a Fe-based redox material as an anode active material.

9. The energy storage battery of claim 8, wherein the anode
clectrolyte 1s an aqueous solution containing a Fe-diethylene
triamine pentaacetic acid complex.

10. The energy storage battery of claim 8, wherein the
anode electrolyte 1s electrolytically oxidized.

11. The energy storage battery of claim 1, which 1s a redox
flow battery.
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